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Protein synthesis and degradation are required
for the incorporation of modified information






Although some reports indicate that protein synthesis dependent process may be induced by updating informa-
tion, the role of protein synthesis and degradation in changing the content of pre-existing memory is yet unclear.
In this study, we utilized an object rearrangement task, in which partial information related to a pre-existing mem-
ory is changed, promoting memory modification. Inhibitors of both protein synthesis and protein degradation
impaired adequate incorporation of the altered information, each in a distinctive way. These results indicate that
protein synthesis and degradation play key roles in memory modification.
Introduction
Memory formation in real life usually involves partial
change of pre-existing memory. Though numerous stu-
dies have highlighted the molecular mechanism of mem-
ory formation, it is largely unknown how previously
formed memory is altered or updated in the process.
A candidate mechanism of memory updating could
involve dynamic regulation of memory stability after
memory reactivation. Conventionally, it was thought
that memory is consolidated by a protein synthesis-
dependent process only once per item and persists
thereafter in a stable state. However, accumulating evi-
dence suggests that memory reactivation induces a
reconsolidating process that depends on the protein
synthesis [1-4]. While protein synthesis has been shown
to be required for the memory restabilization after
retrieval, the destabilizing phase seems to require pro-
tein degradation. These studies showed that, using the
contextual fear memory task, protein degradation in the
hippocampus after memory reactivation is required for
weakening or strengthening of the fear memory [5,6].
This dynamic protein turnover after memory reactiva-
tion is hypothesized to be a molecular mechanism
through which memory is updated or modified. Indeed,
several reports have suggested that this protein-
synthesis-inhibitor-sensitive reconsolidation process fol-
lows after reactivation only when there is an additional
external stimulus that promotes updating of the original
information [7-10].
However, the previous studies only focused on the
strength of the memory for demonstrating the require-
ment of protein synthesis and degradation in the incor-
poration of changed information. Another major
memory updating process in real-life is partially modify-
ing the content of the initial memory rather than simply
strengthening or weakening the memory. In the present
study, we aimed to reveal the role of protein synthesis
and degradation in the incorporation of partially modi-
fied information into the pre-existing memory, by using
an object rearrangement task.
Results
To assess the incorporation of changed information into
the preexisting memory, we chose an object-location
memory task [11]. This task measures object-location
associative memory utilizing the innate tendency of
rodents to explore the novel aspects of the environment.
The scheme of the task is depicted in Figure 1A. Nine-
to 11-week-old C57BL/6N male mice were used for all
the experiments, housed as described previously [12].
A f t e rf i v ed a y so f1 5m i n u t e shabituation to a context,
the mouse was exposed for 15 minutes to four objects
located in one of the four positions in the context.
Twenty-four hours later, the mouse was re-exposed to
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adjacent objects inter-switched while the other two left
unchanged. Higher explorative preference to the
switched objects was expected due to the novelty of the
situation. On the next day, the mouse was re-exposed
for 15 minutes to the same object configuration as the
second day. If it had successfully incorporated the chan-
ged information on the second day, there would be no
novel aspects in each object anymore, resulting in simi-
lar preference for each of them.
To evaluate the preference for switched/unswitched
objects, we measured the duration of exploration time
for each object and calculated the percentage of the two
switched/unswitched objects exploration time from the
total exploration time. The preference to the switched
objects was higher on day 2, indicating that the subjects
have well recognized the original position or configura-
tion of each object (Figure 1B). This returned to chance
level at day 3 when the same configuration as day 2 was
given. This implies that the subjects have well memor-
ized the new, changed configuration to recognize it as
familiar.
Although there was a slight difference in the prefer-
ence for each of the four objects at the first day, it was
statistically non-significant (Figure 1C). The two objects
with slightly higher preference were always paired with
the objects with lower preference, and the pair itself was
counterbalanced for the next experiment.
As our aim was to focus on the associative memory
between the objects and their location, we targeted hip-
pocampus which seems to be more specifically involved
in object-location memory [13,14]. Hippocampus is
known to be important for object-location memory
[14-17]; although other regions such as mPFC and peri-
rhinal cortex are also implicated in such tasks, they are
probably more involved in novelty processing. Especially,
it was recently reported that PKMzeta inhibitor des-
tructed object location memory, but not object identity
memory, when it was locally applied in hippocampus
[18]. We implanted guide cannulae one week before the
behavioral procedure and injected the protein synthesis
inhibitor anisomycin (Ani; 200 μg/μli na C S F ,0 . 3μl)
and/or the proteasome inhibitor clasto-lactacystin-b-lac-
tone (blac; 32 ng/μli na C S F ,0 . 3μl) or vehicle (Veh;
aCSF, 0.3 μl) in the CA1 region of dorsal hippocampus,
bilaterally, right after the exposure to the changed object
location on day 2 (Figure 2A). Position of the cannulae
tips are shown in Figure 2B.
On day 3, the anisomycin-injected group showed
higher preference to the switched object compared to
the vehicle-injected control group (Figure 2C), suggest-
ing that subjects could not incorporate the information
from the modified object configuration on day 2. On
the other hand, the blac-injected group showed higher
preference to the unswitched object compared to vehicle
control group. This suggests that the preexisting infor-
mation (unchanged configuration) was relatively wea-
k e n e do rs o m e w h a ti m p a i r e dc o m p a r e dt ot h en e w
information (changed configuration). This is consistent
with the findings that blac interrupted the reconsolida-
tion process (Lee et al, 2008). It is still possible that the
new information was more effectively stored in the pre-
sence of blac, thus increasing the relative familiarity
with the switched objects over with the unswitched
objects. It is noteworthy that the effects of anisomycin
and blac on the memory change were opposite [prefer-
ence to the switched objects (anisomycin) vs. to the
unswitched (blac)] as are the opposite effects of these
drugs on protein level]. When anisomycin and blac were
injected together, the preference was similar to the con-
trol group. The treatment of anisomycin and blac at the
same time offset their effects on the behavioral change.
The preference for switched object, on day 2 was similar
among the four groups (Figure 2D). Taken together, our
data suggest that protein synthesis and degradation have
important roles in regulating the process of modifying
the previously formed memory.
Discussion
In this study, we have provided a novel scheme of
object-in-place memory task to assess whether the mice
have correctly changed the contents of pre-existing
object-location associative memory, making it possible
to investigate the process of modifying memory. In pre-
vious studies focusing on the modification of pre-formed
memory, the memory task commonly involved strength-
ening the memory by repeated training over days or
weakening it by an experimental extinction protocol.
Our modified object rearrangement task has an advan-
tage that the memory is not simply altered in its
strength, but that the partial contents of the pre-formed
memory are rapidly reorganized to incorporate changed
i n f o r m a t i o n .B a s e do nt h i sa d v a n t a g e ,t h i st a s ki sl i k e l y
to be valuable for studies on dynamic memory modifica-
tion process. Using this task, we have found that protein
synthesis and degradation are required for incorporating
partially modified information into the pre-existing
memory.
Considering the effect of anisomycin on the memory
modification, the original memory might be expected to
be destabilized by anisomycin after reactivation on day 2
as it would undergo a protein synthesis dependent
reconsolidation process, possibly resulting in the chance
level preference for each object on day 3. However, ani-
somycin-injected mice acted on day 3 as if the second
object configuration is novel, resulting in higher prefer-
ence for the switched objects. One possible explanation
for this is that not every component of the related
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Page 2 of 5Figure 1 Object rearrangement task. A, Schematic view of the task. After five days of habituation to the context, the mice were exposed to
four distinctive objects each placed in one of the four positions for 15 minutes (Day 1). Two adjacent objects’ positions were switched for the
next two days (Day 2, Day 3), exposed for 15 minutes each. The object pair that is switched was counterbalanced between experiments. B,
Preference to unswitched and switched objects over 3 days (n = 6, *p < 0.05; paired t test). Preference is the percentage of the two switched/
unswitched objects exploration time from the total exploration time. C, Preference to each objects in the first day (n.s., non significant).
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protein synthesis inhibitor. For example, the memories
for unswitched objects might have been less affected by
anisomycin being maintained relatively intact, while the
memories for switched objects may have been more
affected, being reactivated and destabilized. This may
result in higher explorative pr e f e r e n c ef o rt h es w i t c h e d
objects, as the location for switched objects becomes
more novel than the location for the unswitched objects.
It is also possible that the consolidation-like process for
incorporating additional information (i.e. switched loca-
tion) is more sensitive to protein synthesis inhibitor
than the reconsolidation process. In any case, our result
indicates that incorporation of changed information into
t h ep r e - e x i s t i n gm e m o r yr e q u i r e sde novo protein
synthesis.
The interpretation of the effect of proteasome inhibi-
tion is more complicated. If the process to incorporate
the changed information is a simple additional learning
of the novel information, the effect of a certain drug
might be expected to be either impairment of
modification leaving the memory unchanged or no effect
leading to successful incorporation of the new informa-
tion. In this study, however, the inhibition of protein
degradation appeared to affect even the memory for
unchanged information. Therefore, memory reactivation
on day 2 is likely to have induced complex processes
involving modification to the previous memory, in
which the protein degradation plays a major role.
Previous reports suggest that destabilization of the
reactivated memory precedes the protein synthesis-
dependent process. However, the retrieval process of
four-object rearrangement task differs from that of con-
textual fear conditioning as it incorporates additional
information rather than simply recovers the memory
state. Although the memory reactivation-induced pro-
tein degradation seems to be critical to form successfully
modified memory, the full process may also, in parts,
include consolidation-like process to encode the novel
memory components. This process may be induced
independently of destabilization of the previous memory.
In this case, protein degradation inhibition would impair
Figure 2 Protein synthesis and degradation is required to appropriately incorporate partially modified information. A, Schematic view
of the task. The process is similar as in Figure 1A, except that the mice have received intrahippocampal injection right after day 2 exposure. B,
Cannula location in the hippocampus, at two different rostro-caudal planes. Numbers indicate the posterior direction from the bregma. Grey,
blue, red, and purple circles indicate the infusion site of vehicle, blac, anisomycin, and blac plus anisomycin double infusion group, respectively.
C, Preference to unswitched and switched objects at the third day (Veh, vehicle, n = 10; Ani, anisomycin, n = 7; blac, clasto-lactacystin-b-lactone,
n = 7; Ani+ blac, n = 4. F = 9.869, p = 0.0002; one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001; unpaired t test). D, Preference to unswitched
and switched objects at the second day.
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the following restabilization process, without affecting
the independent consolidation-like process. The imbal-
ance between these two essential components induced
by protein degradation inhibition might have lead to
higher preference for the unswitched objects on day 3.
In addition, the protein degradation might have a
unique role in either restabilization of the previous
memory or in a consolidation-like process to incorpo-
rate additional information. We cannot exclude the pos-
sibility that protein degradation is involved in the
consolidation process in the four-object task used in the
present study, although it does not seems to be the case,
at least acutely, in contextual fear memory [5].
We have locally treated the inhibitors in hippocampus
based on references that indicate hippocampus as a
region specifically involved in object location memory
rather than the object identity memory. The results
using PKMzeta inhibitor demonstrates that hippocam-
pus is at least one of the memory storage sites for object
location memory while it is not a critical storage site for
object identity memory [18]. Therefore, protein synth-
esis and degradation inhibition treatment in hippocam-
pus is unlikely to have affected the object identity
memory. However, there is a possibility that other brain
regions are also critically involved in this memory task.
Although more studies are required to fully under-
stand the mechanism, the present study suggests that
protein synthesis and degradation play important roles
in modifying the memory in object-location memory
paradigm. This evidence supports the hypothesis that
memory dynamically changes after retrieval through
protein turnover. In addition, we expect that the scheme
used here or other modes of the object rearrangement
task can be utilized for the investigation into the mem-
ory modification mechanism in the future.
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